Abstract
INTRODUCTION
Worldwide, an estimated 240 million people are chronically infected with hepatitis B virus (HBV), which places them at relatively high risks of developing liver cirrhosis, hepatic decompensation and hepatocellular carcinoma [1] . According to the natural course and clinical manifestations, chronic HBV infection can be categorized into four different phases: Immune tolerant [IT, also termed hepatitis B envelope antigen (HBeAg)-positive chronic infection], immune active (IA, also termed HBeAg-positive chronic hepatitis), inactive carrier (IC, also termed HBeAg-negative chronic infection), and HBeAg-negative hepatitis (ENEG) phases [1] [2] [3] . The IT and IA phases manifest disparate degrees of liver injury, although viral replication is at extremely high levels in both clinical stages. Furthermore, the levels of serum hepatitis B surface antigen (HBsAg), HBV-DNA and intrahepatic covalently closed circular DNA (cccDNA) differ markedly across the four phases [4, 5] . However, the underlying mechanisms or immune features distinguishing these phases are still obscure.
HBV is a non-cytopathic virus, and it is generally accepted that immune factors are indispensably involved in the occurrence and development of liver diseases. Among these, natural killer (NK) cells are greatly enriched in the liver, the site of HBV replication, and serve as an early warning system for viral infection [6] . Functional disturbance of NK cells has been described in chronic HBV infection, potentially contributing to ineffective antiviral immunity and the pathogenesis of liver injury. However, multiple studies regarding NK cell phenotype or function have revealed partially conflicting results [7] [8] [9] [10] [11] [12] . For example, circulating NK cells from HBV-infected patients expressed higher levels of the activating receptors CD69, NKp46, NKp44 [10] and lower levels of the inhibitory receptor KIR3DL1 [11] than those from healthy individuals. However, others have reported that NK cells exhibited an inhibitory phenotype, with elevated expression of the inhibitory receptor NKG2A and downregulated expression of the activating receptors CD16 and NKp30 in chronic HBV infection [12] . This discrepancy may be attributed to the high heterogeneity of the disease profile in chronic HBV infection, but this interpretation remains to be verified.
HBV-specific T cell responses are vigorous, polyclonal and multi-specific in patients with resolved HBV infections [13] , and their experimental depletion obviously delayed viral clearance in chimpanzee models [14] . On the contrary, virus-specific T cells displayed an exhausted phenotype with the upregulated expression of the inhibitory receptor programmed death 1 (PD-1) and Tim-3 and severely impaired antiviral ability in chronic HBV infection [6, 15] . In a report from Webster et al [16] , serum HBV-DNA levels of < 10 7 copies/mL appeared to be the threshold for consistent detection of circulating HBV-specific CD8+ T cells, suggesting that despite the overall suppression in chronic HBV infection, the hierarchy of HBV-specific T cell responses may also be influenced by virus replication and liver disease activity. It is not clear whether the magnitude of NK and T cell responses vary along the natural history of chronic HBV infection. The objective of this study was to analyze the characteristics of NK cells, nonantigen-specific and virus-specific T cells, which may define the different clinical phases.
MATERIALS AND METHODS

Study population
This study was approved by the ethics committee of Huazhong University of Science and Technology and Tongji Hospital, and all participants provided informed consent. All procedures conformed to the Helsinki Declaration. Peripheral blood samples were obtained at the Infectious Disease Clinic of Tongji Hospital. All enrolled patients with HBV infections met the following criteria: HBsAg positive for at least 6 mo; absence of human immunodeficiency virus, hepatitis C virus (commonly known as HCV) or hepatitis D virus co-infections; without evidence of hepatic decompensation and hepatocellular carcinoma; absence of autoimmune disease, immunosuppressive agents, organ transplant or other comorbid illnesses that may impact immune response; absence of current antiviral therapy; without evidence for alcoholic hepatitis, nonalcoholic fatty liver disease and overt liver cirrhosis. In total, 92 cases of HBV-infected patients were enrolled in this study. The clinical phases were further assigned by at least two clinicians based on available history and laboratory results, using classification criteria described in clinical practice guidelines [1] [2] [3] . In addition, 23 healthy individuals were enrolled as the control group.
Serological tests of liver functions, HBV markers and HBV DNA
Liver functions were measured with routine automated techniques [normal upper limit for both alanine aminotransferase (ALT) and aspartate aminotransferase (AST): 40 U/L]. Serum HBsAg titers were quantified using the Architect HBsAg assay (Abbott Laboratories, Abbott Park, IL, United States; range 0.05-250 IU/mL). Serum HBeAg titers were quantified using AXSYM HBe 2.0 (Abbott Laboratories; range 0.15-100 PEIU/mL). Serial dilutions were performed when HBsAg or HBeAg titers exceeded the reference range. Serum HBV-DNA levels were detected by a standard generic HBV-DNA assay (ACO Biotech Co. Ltd, Hangzhou, China; detection limit: 500 copies/mL) or COBAS TaqMan HBV Test (Roche Molecular Systems, Meylan, France; detection limit: 20 IU/mL).
IFN-γ production by NK cells
PBMCs were stimulated with recombinant human IL-12 (10 ng/mL; Peprotech, United States) and IL-18 (50 ng/mL; SAB, United States) for 21 h at 37 ˚C, and then 2 µM/L monensin (MultiSciences, China) was added for the final 3 h. Cells were fixed and permeabilized, followed by intracellular staining for IFN-γ-APC (Biolegend, CA, United States).
NK cell degranulation
NK cell cytotoxic activity was assessed by CD107a degranulation. Briefly, after overnight stimulation with recombinant human IL-12 (10 ng/mL) and IL-18 (50 ng/mL), or only culture medium, PBMCs were incubated for 3 h at 37 °C with K562 target cells (E:T = 5:1) in the presence of anti-CD107a-PE antibody (Biolegend, CA, United States) and monensin (2 µM). Cells were then labeled with CD3-PerCP/Cy5.5 and CD56-FITC before flow cytometry analysis.
TNF-α, perforin and granzyme B production by NK cells and global-T cytokine profile
PBMCs were incubated with 20 ng/mL phorbol myristate acetate plus 1 μg/mL ionomycin (MultiSciences, China) for 1 h, and then 2 µmol/L monensin was added for the final 4 h. Cells were stained with fluorochrome-conjugated antibodies to CD3-PerCP/Cy5.5, CD56-FITC or CD8-FITC (Biolegend, San Diego, CA, United States) at 4 C in the dark. Afterwards, cells were fixed and permeabilized followed by intracellular staining for IFN-γ-PE, TNF-α-PE, IL-2-APC, perforin-APC and granzyme B-PE and isotype matched controls (IL-2-APC from eBioscience, United States; others from Biolegend, CA, United States) at 4 ˚C in the dark. Finally, cells were detected using a Canto II flow cytometer.
In vitro expansion of HBV-specific T cells
For HBV-specific T cell expansion, a panel of 15-mer peptides overlapping by ten residues were pooled in two mixtures covering core (35) and S (44) proteins (GenScript, United States). Briefly, frozen PBMCs were thawed and resuspended in AIM-V medium with 5% human AB serum (Gibco, Invitrogen, United States). Then, PBMCs were incubated with the core or S peptide pool, and recombinant IL-2 (20 IU/mL; Peprotech, United States) was replenished every 3 d. Finally, virus-specific T cell responses were measured by intracellular cytokine staining, as mentioned above, on day 10. Positive responses were determined when the frequency of T cells producing IFN-γ or IL-2 exceeded at least twice the proportion found in unstimulated cells and 0.1% of total T cells.
Statistical analysis
All data were analyzed with SPSS 13.0 for Windows (SPSS, Inc. Chicago, IL, United States). Serum HBV-DNA, HBeAg and HBsAg levels were log-transformed. Continuous variables are presented as mean ± SD. Baseline clinical characteristics across multiple groups were compared using the Kruskal-Wallis test for continuous variables and chi-square (χ 2 ) test for categorical variables. Comparisons between two groups were performed with the Mann-Whitney U test. Correlations between variables were evaluated with the Spearman rank correlation test. P < 0.05 was considered statistically significant.
RESULTS
Baseline patient characteristics
The demographic, biochemical and virologic data of study population are illustrated in Table 1 . In accordance with the natural course, IT and IA patients were younger than IC and ENEG patients (P < 0.05). The levels of serum HBsAg and HBV-DNA decreased successively from the IT, IA, ENEG to IC phase. HBeAg titers were significantly higher in the IT phase than those in the IA phase (P < 0.05). Moreover, serum ALT and AST levels were markedly higher in IA and ENEG patients than those observed in IT, IC and healthy subjects.
Frequencies and absolute number of NK cells, NK cell subsets, CD4+ and CD8+ T cells were relatively stable during the natural history
As shown in Figure 1 , the proportion and absolute number of circulating CD3-CD56+ NK cells, CD56 bright NK cells, CD56 dim NK cells, global CD4+ and CD8+ T cells were similar in healthy donors (HD) and patients with different clinical phases, suggesting that direct measurement of NK and T cell frequencies and numbers did not provide distinct immune signatures for the clinical phases.
Subtle differences of NK cell phenotypes in different clinical phases
The effects of different clinical phases on NK cell phenotypes were investigated ( Figure 2A -F). Compared with HD, NKG2A expression in CD56 dim NK cells was downregulated in the IC phase (P < 0.05), while NKp46 expression in CD56 dim NK cells was upregulated in the IA phase (P < 0.05). NKp30 expression in CD56 dim NK cells and NKG2A expression in CD56 bright NK cells were higher in the IT phase than the IC phase (P < 0.05). Furthermore, the frequencies of CD56 bright NK cells expressing NKp44 and CD56 dim NK cells expressing CD69 were increased in the IA and ENEG phases in comparison to those in the IT, IC and healthy subjects (P < 0.05).
Ability of NK cells producing IFN-γ was attenuated in HBV-infected subjects but less impaired in the IC phase
As shown in Figure 3A and B, compared with HD, the ability of IFN-γ-producing NK cells was markedly attenuated in chronic HBV-infected patients, irrespective of any clinical phases. Of note, IFN-γ production was less compromised in the IC phase than in the IT and ENEG phases (P < 0.05). Patients in the IT and IA phases also displayed significantly lower TNF-α production compared to HD (P < 0.05). Cytolytic activity was measured by CD107a degranulation after stimulation with IL-12+18 and K562 target cells and the expression of perforin and granzyme B in NK cells (Figure 3A, C and D) . However, NK cell cytolytic activity was retained in chronic HBV-infected patients compared with HD, and no significant difference in CD107a, perforin or granzyme B expression was observed between the four phases (P > 0.05).
Global-T cell response in different clinical phases
The frequencies of global-T cells producing IFN-γ, IL-2 and TNF-α are shown in Figure 4 . Compared with HD, the ability of global T cells to produce IFN-γ and TNF-α was significantly decreased in the IT and IA phase ( Figure 4B and D) . On the contrary, IFN-γ and TNF-α production by global-T cells was dramatically increased in the ENEG phase compared to the other clinical phases, and TNF-α expression was even higher than that in HD. No statistical difference was observed for IL-2 expression in HD and patients at different clinical stages ( Figure 4C ).
Virus-specific T cell responses after in vitro expansion was significantly stronger in the IC phase than other phases
PBMCs were stimulated by HBV core or S peptide pools. After 10 d in vitro expansion, virus-specific T cell responses were determined by detecting the frequency of T cells producing IFN-γ or IL-2. In response to the core peptide pool, IFN-γ and IL-2 production by CD4+, CD8+ and CD3+ T cells significantly increased in the IC phase than in other phases ( Figure 5A-D) . The positive responses of IFN-γ and IL-2 in both CD4+ and CD8+ T cells were significantly higher in the IC phase than in the IA and ENEG phases, and the positive response of CD8+ T cells producing IFN-γ was significantly higher in the IC phase than in the IA phase ( Figure 5E ). In response to the S peptide pool (Figure 5F-I) , IFN-γ production by CD8+ and CD3+ T cells was significantly increased in the IC phase than those in other phases. IFN-γ production by CD4+ T cells was significantly increased in the IC phase than in the IA and ENEG phases. IL-2 production by CD4+, CD8+ and CD3+ T cells did not significantly differ across the four phases. In addition, the positive response of CD8+ T cells-producing IFN-γ was higher in the IC phase than in the ENEG phase.
Longitudinal analysis of NK and T cell responses in representative individuals who transitioned between disease phases
We identified several individuals who transitioned from one disease phase to another. As shown in Figure 6 , IFN-γ production from NK and global-T cells was relatively stable in a patient that transitioned from the IT to IA phase, and the frequency of CD3+ T cells-producing IFN-γ in response to the core or S peptide pool remained low. In contrast, core and S-specific T cell responses improved in a patient who experienced spontaneous HBeAg clearance (from IA to IC phase). When virus reactivation occurred (from IC to ENEG phase), NK cell IFN-γ production and HBVspecific T cell responses were prominently inhibited, but IFN-γ production from global T cells was enhanced. These longitudinal findings were consistent with results from the cross-sectional analysis.
DISCUSSION
Chronic HBV infection is a dynamic state of complex equilibrium among virus, hepatocytes and host immune cells [13] . In previous reports and this study [4, 17] , the levels of serum HBsAg, HBV-DNA and intrahepatic cccDNA markedly differ across four phases. In accordance with this, our study further emphasized the distinct immune response pattern in different clinical phases.
Firstly, our study demonstrated that certain NK cell receptors are differentially expressed among the different clinical phases. Although disease progression and HBV replication status are relatively stable in both IT and IC phases, NKp30 expression in CD56 dim NK cells and NKG2A expression in CD56 bright NK cells were significantly higher in the high viremia IT phase than in the IC phase. Yoshioka et al [18] reported that the frequency of the NKp46 high NKG2A high subset was higher in high viremia patients, and this subset exhibited higher cytotoxicity but lower IFN-γ production. Similarly, simultaneous up-regulation of NKp30 and NKG2A expression may lead to more skewed NK cell function in the IT phase. In agreement with reports by Zhang et al [8] and Ghosh et al [10] , our study found that NK cells were relatively activated in the Secondly, the ability of IFN-γ-producing NK cells was markedly impaired in HBVinfected patients, regardless of clinical stage. Notably, IFN-γ production was less compromised in the IC phase than in the IT and ENEG phases. Meanwhile, TNF-α production was inhibited in the IT and IA phases compared to HD. The effector function of NK cells is regulated by the balance of activating and inhibitory receptors, as well as cytokine milieu. Lower NKG2A expression in the IC phase may facilitate the restoration of cytokine production in NK cells. Moreover, circulating concentrations of IL-10 and TGF-β were increased in patients with active and immunotolerant phases, respectively [7, 19] , which represented a feedback mechanism that limits exuberant NK cell response but profoundly suppresses IFN-γ production. What's more, the decrease in virus load may in turn have improved NK cell activity, which has been demonstrated in HCV patients receiving direct-acting antiviral therapy [20] . However, NK cell cytotoxicity was not correspondingly weakened and did not differ among the four clinical phases. Our results were in line with the report of Oliviero et al [11] , in which NK cells were functionally dichotomous. This phenomenon may be attributed to the preferential pSTAT1-dependent cytotoxicity over pSTAT4-dependent IFN-γ production when exposed to endogenous IFN-α [6] . Subsequently, upregulated, downregulated or unchanged global-T cell responses were observed in different phases. Global-T cells primarily refer to nonantigenspecific T cell subsets, considering that the quantity of HBV-specific T cells is negligible in comparison to global-T cells. IT and IA phases were characterized by impaired nonantigen-specific T cell responses. In contrast, global-T cells from the ENEG phase displayed a proinflammatory cytokine profile with upregulated IFN-γ and TNF-α expression, which is relevant to the severity of liver injury (data not shown). IFN-γ and TNF-α had the potential to inhibit HBV replication and degrade cccDNA in a non-cytolytic fashion [21] . Nevertheless, intrahepatic proinflammatory IFN-γ and TNF-α overexpression by global-T cells significantly correlated with immune pathogenesis in HBV-associated liver failure [22] . Finally, core and S antigen-specific T cell responses after in vitro expansion were significantly stronger in the IC phase than in other phases. Our findings are in accordance with a report by Liang et al [23] , in which the magnitude of core or S antigenspecific CD4+ and CD8+ T cell responses was significantly more intense in the IC phase relative to the IA phase. However, ex vivo lymphoproliferation response and ELISPOT assays showed that the pattern of antiviral T-cell responses didn't clearly distinguish between the different clinical phases [24] . This discrepant result between ex vivo and in vitro experiment was also described in patients who achieved HBsAg loss after nucleos(t)ide analogue therapy [25] . We speculate that in vitro expansion may render some ex vivo T-cell hyporesponsiveness into effective T-cell responses. Given that persistent exposure to high titers of viral antigens may be a primary factor for the frequency decline and functional exhaustion of virus-specific T cells [26] , HBsAg decrease may facilitate the functional reconstruction of virus-specific T cells in the IC phase. Similarly, HBsAg loss after nucleos(t)ide analogue therapy was significantly associated with the improved virus-specific T cell responses [25] . However, HBVspecific T cells played an indispensable role in clearing HBsAg, thereby accelerating the transition to a more stable disease state.
Our study found that both NK and T cell functions were repressed in the IT and IA phases. In a study of the peripheral blood transcriptome, B-cell related and interferonstimulated genes were significantly upregulated in IT and IA phases [27] . Given this, IT and IA phases may be primarily dominated by immune types other than NK and T cells, such as type I IFN and B cell responses. With the spontaneous clearance of HBeAg and HBsAg decline, NK and T cells played a more important role in immune pathogenesis of chronic hepatitis B. In particular, NK cell cytokine production and HBV-specific T cell responses were partially restored in the IC phase, which may be associated with viral control in this low-replication phase. When virus reactivation occurred, NK and virus-specific T cell responses were inhibited, again likely due to the increased exposure to antigenic stimuli and immunosuppressive cytokines, but nonantigen-specific T cell responses were simultaneously activated. Elevated nonantigen-specific T responses may facilitate viral clearance to some extent, although not as effective as HBV-specific T responses, but concurrently aggravate liver inflammation by secreting the proinflammatory cytokines IFN-γ and TNF-α [28] . Our findings countered the previous opinion that innate and adaptive responses were synchronously inhibited or enhanced, which may result from the regulatory mechanisms underlying them. Functional activation of nonantigen-specific T cells is required to trigger factors other than excessive antigenic drive via MHC/peptide interactions. Putative factors affecting nonantigen-specific T cells included the bystander pathway, cytokine milieu, depletion of essential nutrients and accumulation of toxic metabolites [28] . But for virus-specific T cell responses, the fluctuation of antigen titers with the natural history disease progression may have a direct influence on HBV-specific T cells. In addition, virus replication and hepatitis activity affected the levels of regulatory T cells, arginine, suppressive cytokines-IL-10 and TGF-β, and suppressive surface receptors-PD-1 and Tim-3, which may further mediate the intensity of virus-specific T cell responses [6, 29] . A limitation of our study is the lack of access to hepatic tissue samples. Therefore, we cannot exclude the local activation or inhibition of NK and T cell responses compartmentalized within the liver. It has been previously reported that although intrahepatic NK cells were more activated and HBV-specific CD8+ T cells displayed a more exhausted phenotype than their peripheral counterparts, the immunologic changes in peripheral blood could closely mirror those in the liver [8, 30] . Another caveat to our study is that we cannot follow-up with an individual through the whole natural disease progression. However, we identified several individuals who experienced a transition from one phase to another, which may reflect the dynamic change of NK and T cell responses.
In conclusion, our findings demonstrate the conversion of immune response patterns along the natural course of chronic HBV infection. NK cells were phenotypically activated in clinical phases (IA and ENEG) with biochemical liver damage. NK, non-specific and virus-specific T cells were functionally impaired in the IT and IA phases. With the spontaneous clearance of HBeAg and HBsAg decline, NK cell cytokine production and HBV-specific T responses were partially restored in the IC phase, and the ENEG phase was primarily dominated by nonantigen-specific T cell responses. Our results highlight the complicated roles of NK and T cells, which were extremely helpful in understanding the immune status underlying different clinical stages and high heterogeneity of disease profile in chronic HBV infection. 
ARTICLE HIGHLIGHTS
Research background
Chronic hepatitis B is a highly heterogeneous disease, which can be divided into four phases: Immune tolerant (IT), immune active (IA), inactive carrier (IC) and hepatitis B envelope antigen (HBeAg)-negative hepatitis (ENEG). Accordingly, clinical manifestations and disease progression markedly differ among these phases. Natural killer (NK) and hepatitis B virus (HBV)-specific T cells are two key effectors of cellular immunity, which play an important role in mediating liver damage and inhibiting viral replication. Therefore, the identification of immune features in clinical phases are helpful in better understanding the highly heterogeneous disease state of chronic HBV infection. However, the associations between host immunity and clinical phases are obscure.
Research motivation
The motivation of this study is to explore the immunological mechanisms underlying different clinical phases.
Research objectives
The objective of this study is to analyze the features of NK cells, nonantigen-specific and HBVspecific T cells in different clinical phases.
Research methods
The frequency, subpopulation and phenotype of circulating NK cells were detected by flow cytometry through direct surface staining. NK cell functions, including cytokine production and cytotoxic activity, and nonantigen-specific T cell responses were measured by flow cytometry after stimulant incubation and intracellular staining. For HBV-specific T-cell responses, PBMCs were stimulated by HBV core or S peptide pools. After 10 d of in vitro expansion, HBV-specific T cell responses were determined by detecting the frequency of T cells producing IFN-γ or IL-2. In addition, clinical phases were assigned according to the available history and laboratory results, using classification criteria described in clinical practice guidelines.
Research results
NK cells were phenotypically activated in the clinical phases (IA and ENEG) with biochemical liver damage. Both NK and T cells were functionally impaired in the IT and IA phases. With the spontaneous clearance of HBeAg and hepatitis B surface antigen decline, NK cell cytokine production and HBV-specific T responses were partially restored in the IC phase, and ENEG phase was primarily dominated by nonantigen-specific T cell responses.
Research conclusions
In the cross-sectional analysis and longitudinal observation from several representative individuals, our findings depicted the shift of immune response pattern along the natural history of chronic HBV infection. Importantly, NK cells, nonantigen-specific and HBV-specific T cells may play a distinct role in different clinical phases. Our findings countered the previous opinion from the single perspective that innate and adaptive responses were synchronously inhibited or enhanced in some disease status. Our results emphasized the complicated roles of NK and T cells, which were extremely helpful in understanding the immunological mechanisms underlying different clinical stages in chronic HBV infection. Furthermore, the better understanding of immune features in different phases will lead towards individualized therapy.
